Background: Multi-detector computed tomography (MDCT) angiography is a non-invasive imaging modality, and is replacing the invasive conventional angiography in preoperative studies of vascular anatomy. Objectives: To determine the accuracy of MDCT in diagnosis of the renal arterial and venous anatomy, urinary collecting system and kidney anatomy itself in living kidney donors.
Background
Renal vasculature anatomy plays a major role in the selection of renal donors (1) . In the process of enrolling the appropriate donor, the accuracy of the chosen radiologic technique in assessing renal vascular anatomy of donors is crucial for the kidney harvesting plane (2) (3) (4) (5) , since the presence of renal accessory vessels, early branching or multiple veins may become a challenge for transplant surgeons and could result in complication and eventually transplant failure (1) .
Conventional angiography was traditionally used as the golden standard for determining anatomy and final preoperative anatomy/planning of kidney donation. Recent advances in safe and less/non-invasive imaging technology have led transplant surgeons to evaluate multidetector computed tomographic angiography (MDCT) and magnetic resonance angiography (MRA). MDCT angiography is a useful non-invasive imaging modality, and is widely used instead of invasive conventional angiography in preoperative studies of body vasculature. Recent renal MR and CT imaging studies have reported good but variable correlation with conventional angiography, depending on the technique used (6) (7) (8) .
Objectives
To compare the preoperative 64 MDCT angiography and intraoperative surgical findings in living kidney donors regarding renal arterial and venous anatomy, urinary collecting system and kidney anatomy, which is quite novel compared to previously reported results using laparoscopic methods.
Patients and Methods

Study Design
During the current prospective study from August 2012 to October 2013 renal MDCT and surgical findings of 134 potential kidney donors were evaluated.
The study protocol was approved by the ethics committee of Tabriz University of Medical Sciences and in compliance with the Helsinki declaration. The participants signed an informed written consent form to allow the researchers to collect the acquired data for the current study.
Study Population
The study population was composed of consecutively scanned potential kidney donors who underwent renal MDCT at our hospital as in the study period part of pretransplant screening evaluation and later underwent kidney harvesting. Inclusion criteria were as follows: no hypersensitivity to contrast materials, no pathologic or abnormal vascular or renal finding, complicated anatomical variation of vascular or urinary collecting systems on MDCT study, accepted donation before surgery, and gave consent for kidney harvesting. Subjects with abnormal renal function and any of the following major variations in renal vascular anatomy affecting kidney donation on MDCT evaluation were excluded: presence of major accessory artery (duplicated main renal artery), hilar renal accessory artery, primary renal artery branching, more than one accessory artery, and major renal venous anomalies e.g. circumaortic renal vein, late venous confluence, accessory renal vein, and retro-aortic renal vein.
CT Scan Protocol
Unenhanced CT images were obtained, followed by arterial, venous and delayed series of contrast-enhanced images. Cases were asked to drink water, at least 500 mL during 30 minutes till the beginning of the exam and then 120 mL just before the exam. Then, non-enhanced MDCT exam was performed. Then, iopromide 300 mg/mL at the rate of 4 -5 mL/s (Ultravist 300, Schering, Germany; dosing of 1.5 mL/kg up to maximum 120 mL) was injected into the donor, followed by a 40 mL normal saline bolus chase using a dual-head pressure injector (Medrad, USA). Multiplanar reconstructions were used to produce coronal and sagittal images by producing perspectives at right angles to a load of transverse slices.
Images Analysis
The image volumes were reconstructed at 1 mm slice thickness and 50% overlap for the arterial phase. The evaluated parameters included: 1) the length of the main renal artery (from branching to the ostium), 2) the diameter of the main renal artery at emergence from the aorta, 3) the existence and number of accessory arteries, 4) the existence of any early branching (any artery branch arising within 1.5 cm of the ostium for the left renal artery and 2.5 cm of the ostium for the right renal artery, 5) the kidney width, length and anteroposterior diameter (APD), 6) venous multiplicity and variations, and 7) Variations in the urinary collection system.
Image quality was categorized into three groups scaled from 0 to 2. 0, poor vascular or urinary collecting system visualization with noise and/or artifact resulting in nondiagnostic and non-interpretable image; 1, adequate vascular and urinary collecting system visualization with artifact and/or noise that does not interfere with interpretation; 2, good vascular and urinary collecting system visualization with nearly no noise and/or artifact resulting in a confident interpretation. While image qualities of 1 or 2 were considered diagnostic, images qualified as 0 were excluded from the study.
Surgical Evaluation
Two transplant surgeons evaluated the cases during the harvesting procedure. One of the surgeons was blinded to the MDCT findings and performed all measurements. All cases underwent open laparotomy. Vascular diameters were measured before ligation and harvesting. A handheld 500-197-20 digital caliper (Mitutoyo, Tokyo, Japan) was used for measurement during operation. The renal artery size was measured from the renal artery ostium to the location of renal artery branches. The kidney length was defined as the distance between the upper and lower apex of the kidney. The kidney width was defined as the longest trans-axial renal diameter.
Statistical Analysis
Data analysis was performed using SPSS software package v13.0 (SPSS Ins., Chicago, USA). The results are presented as mean ± standard deviation (SD). The inter-group statistical significance was determined using the independent 2
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sample t-test and the Fisher exact test. The correlation was studied using the Pearson correlation test. The interobserver variation (agreement level between the readers) was studied by Cohen κ values. The results with P value < 0.05 were considered significant.
Results
Finally, the MDCT images and intraoperative assessments were completed for 123 subjects, after exclusion of three subjects due to non-diagnostic image quality (due to motion artifact) and eight cases because of cancellation of the donation (three cases due to complicated anatomical variations, four cases refused donation, and one discovered to have hypertension in later clinical evaluation). Then, surgical evaluation of 123 harvested kidneys were compared with MDCT findings of corresponding kidneys.
Eighty-seven (70.7%) of the subjects were male and 36 (29.3%) were female. The mean age was 25.65 ± 3.37 (range, 18 -35) years with the majority of donors (85.4%) between 20 and 29 years of age. Based on the CTA findings and decision of transplantation committee (a nephrologist, a urologist, and a transplant surgeon), 99 subjects (80.5%) underwent left nephrectomy and 24 subjects (19.5%) underwent right nephrectomy.
The image quality was 1 in 9 subjects and 2 in 114 subjects. The mean diameter of the aorta at the site of the main renal artery branching was 1.45 ± 0.22 cm. The kidney length, width and APD are presented in Table 1 . There was no significant difference between the parameters measured by MDCT and surgery. Samples of normal MDCT are shown in Figure 1 . Furthermore, the kidney length, width and anteroposterior diameter on MDCT had direct linear correlations with intra-operative measurements (P < 0.001) (Figure 2A -2C). The length and diameter of the main renal artery are shown in Table 1 . No significant difference was present between the MDCT and surgery findings. There were direct linear correlations between the main renal arterial length and the diameter on the preoperative MDCT with their respective intra-operative measurements (P < 0.001) ( Figures 3A and 3B ). Eight (6.50%) kidneys had one accessory artery on MDCT. All of the accessory arteries were polar, six to the upper pole and two to the lower pole (a case is shown in Figure 4A ). MDCT identified all of these eight accessory arteries, with sensitivity, specificity, positive and negative predictive values of 100%. Out of the 123 kidneys, early branching of the renal arteries was seen in 29 (23.57%) of the main renal arteries in MDCT (a case is shown in Figure  4B ). These findings were confirmed during surgery with sensitivity, specificity, positive and negative predictive values of 100%. In case of the lengths and diameters of the renal artery, there is no difference between the values reported by the two readers (P = 0.73 and 0.88). Also, the transplant surgeons reported similar lengths and diameters for the renal artery (P = 0.71 and 0.80).
During surgery, 18 minor venous anomalies were identified in 17 (13.82%) kidneys, including prominent gonadal veins draining into the renal vein in nine cases, prominent lumbar veins draining into the renal vein in four cases, small renal venous branches draining into the gonadal vein in three cases and a small renal venous branch draining into the lumbar vein in one case. All of these minor venous anomalies had also been identified by MDCT. Therefore, MDCT had 100% sensitivity, specificity, positive and negative predictive values in the diagnosis of minor renal venous anomalies. Venous bifurcation was another studied aspect of venous anatomy that was assessed. MDCT reported six (4.87%) venous bifurcations in main renal veins, while intra-operative evaluations revealed seven venous bifurcations in the main renal veins of seven kidneys. Therefore, one venous bifurcation was missed by MDCT, resulting in 85.71% sensitivity, 100% specificity, 100% positive predictive value and 99.14% negative predictive value in the diagnosis of venous bifurcation by MDCT. This variation was recognized on the retrospective analysis of images. With the exception of one patient who had ureteral duplication, none of the other studied cases had variation in the urinary collecting system.
Almost perfect agreement was shown between the two image analyzers regarding MDCT findings for arterial (κ = 0.952), venous (κ = 0.911), and urinary collecting systems variations (κ = 0.958). 
Discussion
Potential living related kidney donors require comprehensive preoperative evaluations including clinical, laboratory and radiological evaluation. The anatomic information is an important piece of the gathered data (4, 9) . Although the conventional catheter angiography remains the gold standard for delineating renal vasculature, it is invasive and costly (10) (11) (12) . MRA is an acceptable alternative noninvasive imaging modality, but MRA imaging is not sensitive for detection of urolithiasis, and its spatial resolution is inferior to MDCT. Less common availability and higher cost are other limitations of MRA imaging (13, 14) .
The rapid evolution of CT technology allows for higher slice numbers, shorter image acquisition times, reduced tube heating, lower x-ray radiation, better collimation, and improved spatial resolution when it is compared to other single-detector helical CT scans (15) . MDCT scanners are powerful modalities for angiographic investigation because they cover a larger anatomic region, the arteries have increased enhancement using contrast media, higher longitudinal spatial resolution and a more sensitive depiction and detail of the renal vascular system. In pre-operative evaluation of living kidney donors, the larger volume of coverage is important due to the fact that accessory renal arteries sometimes arise from common iliac arteries or distal abdominal aorta. Nowadays, MDCT has been known as an alternative noninvasive imaging modality to catheter renal angiography to inspect renal vascular anatomy and variations (16) (17) (18) (19) (20) (21) (22) (23) .
Accessory renal arteries were seen in 6.50%, early branching of the renal artery in 23.57%, and renal vein anomalies in 13.82% of the donor kidneys in the present study. According to the literature, studies have showed that the incidence of accessory renal arteries, early branching, and venous anomalies are 25% -42%, 7% -21%, and 7% -
Length of renal artery determined during surgery
Diameter of renal artey determined during surgery 13%, respectively (10, 18, (24) (25) (26) (27) (28) . With the exception of accessory renal arteries, prevalence of other parameters were in the reported range. The incidence of arterial anomalies is consistent with previous reports, including a large series from Johns Hopkins (29) . The donor selection criteria and the side of nephrectomy could explain such differences. It has been shown that the renal arterial pattern is different between the left and right sides (30) .
The reported accuracy of one-channel CT angiography in detecting renal venous anatomy, early branching, and accessory arteries varies from 78% -98%, 89% -99%, and 90% -99%, respectively (10, 11, 24, 25, 31, 32) . In primary studies on early versions of MDCT, the accuracy of detecting accessory arteries, early branching, and renal vein anomalies were 89% -97%, 93% -97%, and 96% -100%, respectively (18) and were not significantly different from those of a single slice MDCT.
Studies on the application of MDCT in diagnosing an accessory renal artery have reported 80%, 99%, 97% and 94% sensitivity, specificity, positive and negative predictive val-Iran J Radiol. 2018; 15(4):e59025. 5 ues, respectively (18, 19, (33) (34) (35) (36) (37) . In comparison to the present study, the reported sensitivity, specificity, positive and negative predictive values were lower or very close to those reported in the literature. Recent retrospective and prospective studies on 50 -104 living kidney donors using 16-slice and 64-slice MDCT showed 100% sensitivity in the diagnosis of renal accessory artery (28, 38, 39) , similar to the results of the present study. MRA, in revealing arterial anomalies, had a sensitivity, specificity and accuracy of 89%, 94%, and 91%, respectively. In spite of the relatively small study population in some studies (15 -21 donors for whom surgical correlations were available), authors reported a high sensitivity of MRA (90% -100%) for identifying renal arteries in living kidney donors (6, 26, 40, 41) . Gadolinium-enhanced MRA for evaluation of accessory arteries has been shown to have a sensitivity of 89%, specificity of 94%, and accuracy of 91% (13) .
In the present study, the sensitivity and specificity of 64 MDCT were higher than those of the MRA and Gadoliniumenhanced MRA. This difference could be attributed to the higher spatial resolution of MDCT.
The performance of MDCT in the current study for sensitivity, specificity, positive and negative predictive values of early branching were higher than previously reported data (95% sensitivity, 98% specificity, 87% positive and 99% negative predictive values) (18, 19, (33) (34) (35) (36) . These values are not significantly different from previously reported results using MDCT with fewer slices. Janoff et al. (37) have also reported that the length, width and oblique thickness, and the volume of the kidneys on MDCT were highly correlated (P < 0.001) with intra-operative measurements.
Systematic review of the prevalence of venous anomalies shows 15 to 30% variation in the renal main vein (42) . The present study demonstrated 21.13% variation in the main renal vein, which is within the previously reported range. The wide range of main renal vein variation might be due to the strict exclusion criteria for kidney donation. Multiple studies have reported different results for accuracy of MDCT in diagnosing venous anomalies. Most of the studies showed sensitivity, specificity, positive and negative predictive values of 85, 99, 94, and 98%, respectively (18, 19, (33) (34) (35) (36) . The results of the present study were higher than previous studies with the exception of a recent prospective study (43) on 238 subjects that reported 92.4% accuracy for MDCT in assessing the renal vein compared to the intra-operative measurements. The lower performance in detecting venous structures could be attributed to the timing of contrast bolus injection.
Although the use of MDCT to evaluate renal donors is attractive, we should be aware of the disadvantages of this modality to prevent potential interpretive surgical catastrophes and difficulties. Precision in timing of image acquisition using bolus-tracking software is essential to prevent sub-optimal vascular enhancement (15) . Lower thoracic aorta to the common iliac arteries is where the accessory renal artery arise. So, an insufficient scan region can limit the detection of accessory arteries deriving from the common iliac arteries or the lower thoracic aorta (44) . The errors in interpretation could occur due to inadequate attention to transverse images (34, 44, 45) . These errors include small capsular or adrenal branch mistaken for a prehilar renal artery branch, and a prominent lumbar vein joining the left renal vein mistaken for a circum-aortic left renal vein (25, 42) .
At the end of the study, open surgical comparison seems to provide better results than laparoscopic procedures, based on the Canadian study that showed a lower prediction rate for pre-laparoscopic MDCT evaluation and accurate prediction of arterial supply in 50 cases compared to surgical findings (46) . As limitations of this study, all cases with MDCT findings of major accessory artery, primary renal artery branching, more than one accessory artery, major venous anomalies and poor diagnostic quality CT were excluded from this study. Nevertheless, the final population exactly reflects the subjects who were chosen for donation based on guidelines. Furthermore, these exclusions do not devalue this study's findings, as we were looking into the accuracy of MDCT for evaluation of kidney donors. We suggest a study with a larger sample size that would include MDCT, MRA, and conventional angiography (a few recent studies have showed MDCT may overestimate the degree of stenosis), with the open/laparoscopic surgery results as the gold standards. Considering the new 60 and 70 kVp CT scanners, it would be beneficial to find the lowest mA and KV settings at which reliable readings can be obtained. This will ensure that the donors will receive the minimum x-ray dose without compromising the accuracy and precision of the results. An inherent limitation of the study is that donors with variant renal vascular or collecting system anatomy did not undergo nephrectomy. CT findings in these patients were therefore not validated at surgery.
In conclusion, MDCT is shown to be accurate for detecting vascular and urinary collecting system, and kidney characteristics and anomalies, provides anatomic information necessary for open and/or laparoscopic nephrectomy in living donors and can provide a non-invasive, precise preoperative assessment of living kidney donor candidates in a single study. 6 Iran J Radiol. 2018; 15(4):e59025.
